Geranylgeranoic acid (GGA), a 20-carbon acyclic polyprenoic acid (all-trans 3,7,11,15-tetramethyl-2,4,6,10,14-hexadecatetraenoic acid) and its derivatives were developed as synthetic "acyclic retinoids" for cancer chemoprevention. Previously, we have shown the natural occurrence of GGA in various medicinal herbs and reported enzymatic formation of GGA from geranylgeraniol (GGOH) through geranylgeranial (GGal) by rat liver homogenates. Here, we present several lines of evidence that a putative GGOH oxidase is involved in GGA synthesis by human hepatoma cell lysates. First, conversion of GGOH to GGal did not require exogenous NAD +
+
, whereas the conversion from GGal to GGA absolutely required additional NAD + . Second, GGal synthesis from GGOH was coupled with consumption of oxygen from the reaction mixture. Third, GGOH-dependent GGal synthesis activity was proteinase K-resistant and even enhanced by proteinase K treatment; GGOH oxidase activity was enriched in the mitochondrial fraction. Finally, recombinant human monoamine oxidase (MAO)-B, but not MAO-A catalyzed oxidation of GGOH to GGal. These data suggest that a putative mitochondrial GGOH oxidase is involved in the initial step of GGA synthesis from GGOH.
Geranylgeranoic acid (GGA), a 20-carbon acyclic polyprenoic acid (all-trans 3,7,11,15-tetramethyl-2,4,6,10,14-hexadecapentaenoic acid), consists of 4 isoprene units. GGA and its derivatives were historically developed as synthetic "acyclic retinoids" by screening for their ability to bind to cellular retinoic acid-binding protein (13) , and to nuclear retinoid receptors (1), which transcriptionally activate certain hepatocyte-specific genes in hepatoma cells (26) . While GGA is generally considered to be a synthetic compound, its chemical structure suggests that GGA occurs as a natural substance in a group of acyclic terpenoids. Indeed, we previously reported the natural occurrence of GGA in several medicinal herbs used in traditional medicines, Kanpo and Ayurveda, as well as ordinary herbs (21) . In this context, GGA belongs to the family of isoprenoids, which form the most chemically diverse family of molecules found in nature, and are widely distributed in many different organisms including viruses, bacteria, plants, fungi, yeasts, and mammals (11, 18) . The isoprenoid biosynthetic pathway is built around a family of diphosphate esters of linear alcohols that contain increasing numbers of isoprene units in mevalonate pathway and methylerythritol phosphate pathway (in chloroplast). Beginning with the C 5 molecule dimethylallyl diphosphate, a series of C 10 geranyl diphosphate, C 15 FPP (farnesyl diphosphate),
MATERIALS AND METHODS

Materials.
All-trans GGA and GGOH were prepared by Kuraray Co. Okayama, Japan. Authentic GGal was prepared by reaction of GGOH with MnO 2 and purified by LiChroprep RB-18 lobar column (Merck, Daermstedt, Germany). Human monoamine oxidase A (MAO-A, 96 U/mg protein, M7316-recombinant), human MAO-B (15 U/mg protein, M7441-recombinant) and tranylcypromine were all purchased from Sigma Aldrich (St Louis, MO, USA). MitoXpress was from Luxcel Bioscience, Cork, Ireland. All other chemicals were of reagent grade.
Cell culture. Human hepatoma-derived cell lines PLC/PRF/5 and HuH-7; human hepatoblastomaderived cell line HepG-2; and human cervical cancer-derived cell line HeLa were all maintained with Dulbecco's-modified Eagle medium (DMEM; Wako Purechemicals, Osaka, Japan) containing 5% fetal bovine serum (FBS; Hyclone, Logan, UT). Human neuroblastoma-derived cell lines IMR-32 and SH-SY5Y were maintained with DMEM containing 10% FBS.
Subcellular fractionation.
After the washed HuH-7 cells were broken with Dounce homogenizer on ice, subcellular fractionation was conducted by differential centrifugation to obtain the mitochondrial (precipitated at 13,400 × g, 16 min), microsomal (precipitated at 105,000 × g, 90 min) and cytosolic (supernatant at 105,000 × g, 90 min) fractions.
Preparation of lipid extracts from HuH-7 cells.
HuH-7 cells were cultured in 75-cm 2 flasks to three stages: 70% sub-confluency, confluency, and stratified over-confluency. The cultured cells were washed with phosphate-buffered saline (PBS) and stored frozen at −25°C. Cell pellets were extracted with chloroform : methanol (2 : 1; v/v). The resultant monophasic extracts were evaporated to dryness; residues were dissolved in ethanol. The ethanolic solution was analyzed by LC/MS.
Enzyme assays. Aliquots of 200 μM GGOH were incubated at 37°C with the HuH-7 whole-cell lysates (0.5 mg protein each) in the presence or absence of 5 mM NAD in a final volume of 100 μL PBS. The reaction was stopped by ethanol and chilling on ice and extracted with ethanol or methanol. The extracts were analyzed by LC/MS.
LC/MS analysis. The HPLC/UPLC were performed C 20 GGPP (geranylgeranyl diphosphate), and highermolecular-weight isoprenoid diphosphates are formed by tail-to-head addition of C 5 isopentenyl diphosphate to the growing chain. These compounds are the substrates for biosynthesis of all isoprenoid metabolites, including monoterpenes (C 10 ), sesquiterpenes (C 15 ), diterpenes (C 20 ), sterols (C 30 ), carotenoids (C 40 ), ubiquinones (C 50 ), dolichols (C 80-100 ), and prenylated proteins. Several biologically active isoprenoids are found in insects (juvenile hormone, ecdysone) and plants (gibberellic acid, abscisic acid) (17, 19) . Many plant-produced isoprenoids, such as fat-soluble vitamins, are essential nutrients in human diets, and some are used as chemotherapeutic agents with antitumor activities, such as taxol (5) . Recent observations have led to the identification of new biologically active compounds that are derived from intermediates of the mevalonate pathway (8) . These bioactive compounds include certain sterols, oxysterols, farnesol, and geranylgeraniol (GGOH; C20) (7) . Based upon its chemical structure, we reasonably assumed that cancer-preventive GGA could be enzymatically derived from GGOH, which is a common precursor of all natural diterpenoids hydrolyzed from GGPP by a specific pyrophosphatase enzyme (2, 12) . We have also reported that bovine intestinal alkaline phosphatase releases GGOH from GGPP (14) . We wished to know whether GGOH is oxidized to GGA in human cells, because GGA has been shown to be a biologically active compound that can induce cell death in human hepatoma cells (16) . In the literature, enzymatic conversion of phytol to phytanic acid has been highly scrutinized to explore pathogenesis of Refsum disease (4, 15, 23) . Phytol and dihydrophytol are oxidized to phytenal and phytanal, respectively, by mitochondrial alcohol dehydrogenase; both aldehydes are further oxidized to phytenoic acid and phytanic acid by mitochondrial/ microsomal fatty aldehyde dehydrogenase. In the case of GGOH, however, a few studies reported that cytosolic alcohol dehydrogenase and microsomal aldehyde dehydrogenase are jointly responsible for conversion of GGOH to GGA in rat tissues (3) . In the present study, we assess how GGOH is converted into cancer-preventive GGA by human hepatic enzymes. By using a cell-free system of human hepatoma-derived HuH-7 cells, we found NADindependent enzymatic conversion from GGOH to GGal by mitochondrial enzymes, and NAD-dependent oxidation of GGal to GGA. (Fig. 1A) . The amounts of GGA were calculated from the mean mass area with triplicate injection on a LC/MS chromatogram based on the standard curve. Based on cell-wet weight, GGA contents were approximately 3.9 ± 3.1, 4.1 ± 1.5 and 1.3 ± 0.7 ng/g of cells, in sub-confluent, confluent and over-confluent cells, respectively (Fig. 1B) . A major peak that eluted at an RT of around 19.2 min corresponded to authentic arachidonic acid, which has the exactly same element composition as that of GGA. The cellular contents of arachidonic acid in non-proliferating cells conversely increased by more than 3-fold over those of proliferating cells. To ascertain whether a peak corresponding to GGA in the HuH-7 extracts can be derived from FBS, we tried to extract and detect GGA from DMEM containing 5% FBS. We were unable to find any peaks corresponding to authentic GGA in the medium (Fig. 2) .
Distribution of GGA among several cell lines
We surveyed distribution of endogenous GGA in several cell lines other than HuH-7, and found GGA contents (ng/g wet wt) were approximately 17.7 for HeLa, 5.2 for PLC/PRF/5, and 3.2 for HepG2. However, no peak was detected corresponding to authentic GGA in the extracts from IMR-32 and SH-SY5Y neuroblastoma cells.
by using a Waters 2690/Acquity separations module (Waters, Milford, MA) equipped with a Cosmosil reverse-phase 5C18-PAQ column (4.6 mm × 250 mm, Nacalai Tesque, Tokyo)/Aquity BEH C18 column (2.1 × 100 mm, Waters). The mobile phase consisted of 88% or 90% (v/v) methanol aqueous solution at a flow rate of 0.3 mL/min. Inline MS was performed by using a Waters ZMD 2000 (Micromass, Manchester, UK)/Xevo Q-TOF (Waters) with an electrospray interface in negative or positive ion mode. The data acquisition programs (MassLynx NT, version 3.5/4.1, Micromass) set to scan at m/z 303.4 negative ions on ZMD 2000, and 150-1000 positive ions on Xevo Q-TOF.
Measuring oxygen consumption. Oxygen consumption rate was measured by MitoXpress, a photoluminescent oxygen-sensitive probe. Time-dependent increase in O 2 consumption was continuously recorded in a capillary tube on the Roche Light Cycler 1.5 (28) .
RESULTS
Occurrence of endogenous GGA in lipid extracts from HuH-7 cells
To detect GGA in the lipid extracts from HuH-7 cells, electrospray ionization produced a deprotonated ion [M-H] − at m/z 303.4, because authentic GGA gave a proton-depleted molecular ion. In total negative ion mode from m/z 250 to m/z 350, no easily distinguishable peak was detected corresponding to authentic GGA (data not shown). However, a peak at a retention time (RT) of around 22.4 min in either sub-confluent HuH-7 extracts, confluent extracts, or or both reactions is NAD(P)-dependent. The conversion of GGOH to GGA was linearly dependent on the amount of the protein in the cell lysates (Fig. 4) . Kinetic analysis by LineweaverBurk plot shows that apparent K m value of GGA synthetase for GGOH was 50.1 μM. At this point, we could not speculate that GGOH might be oxidized by alcohol dehydrogenase or a putative "GGOH dehydrogenase," because we had not yet ascertained whether oxidation of GGOH to GGal was NAD(P)-dependent or not.
Enzymatic conversion from GGOH to GGal in a cell-free system of HuH-7
We monitored GGal levels during GGA synthesis from GGOH by the cell lysates in the presence or absence of 5 mM NAD. The two characteristic split peaks of m/z (+) 311.4 were eluted at around 26-28 min (Fig. 5A) . We assigned the latter peak as GGal, because authentic or freshly prepared GGal eluted at 27.5 min corresponding to the latter peak, but aged GGal preparation yielded additional 26.5-min peak. These two peaks were also previously detected on a HPLC chromatogram of UV absorption at 250 nm with rat liver homogenates (14) . When NAD was removed from the reaction mixture, to our surprise, both peak areas increased (Fig. 5B) , indicating that the preceding peak was also further utilized in the presence of NAD, probably to be oxidized to GGA. This suggests that oxidation of GGOH to GGal is independent of NAD, although oxidation of GGal to GGA is dependent on NAD in this cell-free system.
Evidence for GGOH oxidase catalyze oxidation of GGOH to GGal
Inasmuch as neither NAD nor NADP is required for oxidation of GGOH to GGal in the whole-cell lysates, non-specific alcohol dehydrogenase-type enzyme can be excluded from the putative enzymes. We would rather speculate that GGOH oxidase, which utilizes molecular oxygen as another substrate, could be the most probable candidate enzyme responsible for the oxidation of GGOH without NAD(P). To validate our speculation, we assessed GGOH-dependent consumption of oxygen from the reaction mixture by using a phosphorescence probe, MitoXpress, the fluorescence of which is reversibly quenchable by the binding of oxygen (25) ; GGOHdependent O 2 consumption was unequivocally detected with the cell lysates (Fig. 6A) . Furthermore, the oxidase activity seemed not merely proteinase K-resistant but-unexpectedly-also proteinase KEnzymatic conversion from GGOH to GGA in a cell-free system of HuH-7 At first, we observed overall conversion from GGOH to GGA in HuH-7 whole-cell lysates under several conditions. Two major peaks were eluted at the RTs of 16.3 min and 19.8 min on LC/MS chromatogram (selected ion mode at m/z 303 of negative ions) of a complete reaction mixture containing the HuH-7 whole-cell lysates as enzyme sources (0.5 mg protein), 200 μM GGOH as an enzyme substrate, PBS (pH 7.4), 5 mM MgCl 2 and 5 mM NAD (Fig. 3A) . The peak at RT of 16.3 min corresponded to authentic arachidonic acid, and the other smaller peak exactly corresponded to authentic GGA. These peaks were not detected in the absence of the cell lysates (Fig. 3B) . In the absence of the substrate, only a peak of arachidonic acid was detected (Fig. 3C) . In the absence of NAD, oxidation of GGOH to GGA was undetectable (Fig. 3D) , suggesting that oxidation of GGOH to GGal, oxidation of GGal to GGA, activated (Fig. 6B) . The proteinase K-activation of GGOH-dependent oxygen consumption was verified by UPLC/TOFMS analysis of GGal (Fig. 6C, D) . In other words, pretreatment of the whole cell lysates with proteinase K significantly enhanced GGal production. Hereafter, we decided to call this enzyme activity by name of "GGOH oxidase." Subcellular distribution of GGOH oxidase activity was assessed by biochemical fractionation with differential centrifugation of HuH-7 whole-cell lysates (Fig. 7A) . The specific activity of GGOH oxidase was highest in the mitochondrial fraction and lowest or negligible in the cytosolic fraction. Interestingly, the activity of the mitochondria and cytosol (1 : 1) mixture was not additive, but even lower than that of mitochondria alone. Furthermore, pretreatment of cytosol with proteinase K destroyed the suppressing effect of cytosol (Fig. 7B) .
Oxidation of GGOH to GGal by monoamine oxidase B (MAO-B)
Human MAO-B, localized to mitochondrial outer membrane, is known to be a proteinase K-resistant enzyme (27) . Moreover, farnesol, C15 isoprenol depleted one isoprene unit from GGOH, was identified as a MAO-B selective inhibitor present in cigarette smoke extracts (9) . Taking account with these previous findings, the present results of mitochondrial GGOH oxidase in HuH-7 cells intrigued us to prove a potential likelihood that human MAO-B may be combinant human MAO-B was 38.9 μM for GGOH (Fig. 9A, B) . Non-selective competitive inhibitor tranylcypromine inhibited GGOH oxidation by MAO-B in a dose-dependent manner. The mitochondrial GGOH oxidase activity was also inhibited by increasing concentrations of tranylcypromine to the same extent as human MAO-B, with an effective dose at 50% of 25 μM (Fig. 9C) . able to oxidize GGOH to GGal in the absence of NAD. Consequently, the recombinant human MAO-B produced a significant amount of GGal from GGOH, but the recombinant human MAO-A gave little activity (Fig. 8) . As for production of GGal, specific activity of the recombinant human MAO-B was 147.2 pmol/h/U, 7-fold higher than that (21.0 pmol/ h/U) of recombinant human MAO-A. Kinetic analysis revealed the K m value of the re- characteristic peak of GGA on LC/MS chromatogram of the lipid extracts of HuH-7 cells. However, we had to be cautious in concluding that GGA was endogenous, because we previously reported on the natural occurrence of cancer-preventive GGA in several medicinal herbs (21) and we proposed that GGA is one of the acyclic metabolites of diterpenoids, which may be ubiquitously distributed in plant kingdom. In this context, we paid attention to a report that FBS contains a significant amount of phytanic acid, a saturated form of GGA, which may be derived from chlorophyll in the stomachs of ruminant animals (10) . This implies that the medium containing FBS used in this experiment may contain GGA as well as phytanic acid. Therefore, we initially confirmed that the medium + 5% FBS contained no GGA (Fig. 2) , so that GGA found in HuH-7 cells must be derived from the cells. Furthermore, cellular levels of GGA in HuH-7 cells varied during cell growth. Although we have been so far unable to explain how cellular GGA levels are regulated, it must happen through a balance between enzymatic synthesis and catabolic degradation of GGA. GGA can be made from the mevalonate pathway started with acetyl-CoA through dephosphorylation of GGPP, which is produced by addition of one isoprene unit to FPP. In most cells, FPP resides at the branching point of the 2 competitive reactions of GGPP formation and squalene synthesis. Squalene synthesis is a metabolic entrance of steroidogenesis and therefore when steroidogenesis is inhibited during nutrient-deficiency, squalene synthesis should be also prevented without affecting or even enhancing GGPP formation, which may explain why the cellular contents of GGA vary during
DISCUSSION
In the present study, we clearly demonstrated the existence of endogenous GGA in human hepatomaderived HuH-7 cells, where the cellular levels of GGA were regulated by growth conditions in culture, suggesting that HuH-7 cells synthesize endogenous GGA, probably via the mevalonate pathway. At the beginning of this study, we wanted to know whether endogenous GGA might exist in human cells. Therefore, we looked for, and found, a assume that GGOH is also oxidized to GGal by the equivalent enzyme-so-called "GGOH oxidase." To establish GGOH oxidase in mammalian cells, biochemical analysis on this enzyme is absolutely warranted.
In terms of biochemical analysis on GGOH oxidase, we found a preliminary but interesting characteristic of the enzyme, which was proteinase K-resistant and was even activated by proteinase K pretreatment. Most mammalian enzymes are susceptible to proteinase K digestion and lose their activity after the treatment, because proteinase K is a broadspectrum serine protease. But some enzymes incorporated into the mitochondrial compartment are known to be proteinase K-resistant (6, 27) . Indeed, GGOH oxidase activity was localized mainly to the mitochondrial fraction, explaining why GGOH oxidase activity in the cell lysates was resistant to proteinase K treatment. The next question was why proteinase K activated GGOH oxidase in the whole cell lysates. We reasonably speculated that the cytosol fraction showed no activity of the enzyme, but might contain some GGOH oxidase inhibitors, which are sensitive to culture growth stages. In this regard, we are now very much interested that relatively higher contents of GGA were accumulated in HeLa cells, which were resistant to GGA treatment (20) . To scrutinize the biosynthetic process of GGA from GGOH in human hepatoma cells, we observed an enzymatic conversion of GGOH to GGA in a cellfree system. The results demonstrated that GGOH could be oxidized by two consecutive reactions, consisting of an NAD-independent GGOH oxidation to GGal, and an NAD-dependent GGal oxidation to GGA. Few studies on mammalian enzymes involved in GGOH oxidation have reported that cytosolic non-specific alcohol dehydrogenase and microsomal aldehyde dehydrogenase may be responsible for formation of endogenous GGA (3). As expected, an overall conversion from GGOH to GGA was definitely NAD-dependent, but unexpectedly, the first oxidation reaction not only occurred without NAD(P) in HuH-7 whole-cell lysates, but also consumed molecular oxygen, which was successfully shown by continuous monitoring with a MitoXpress probe (Fig. 6A, B) . Taking into account that insect farnesol oxidase also requires molecular oxygen (22), we , utilizing molecular oxygen as an electron acceptor is depicted. In this schema, it is also shown that GGal is converted to GGA by non-specific aldehyde dehydrogenase.
proteinase K. Indeed, the cytosolic fraction inhibited mitochondrial GGOH oxidase activity (Fig. 7B ). At present, we speculate that a putative GGOH-binding protein may sequester the substrate for an enzyme located in the proteinase K-resistant mitochondrial compartment. Finally, we tested GGOH oxidase activity of MAO-B because: 1) farnesol, one-unit shorter isoprenol, has been identified as a selective inhibitor for MAO-B in tobacco smoke (9) and 2) MAO-B is localized to the inner side of the mitochondrial outer membrane and is known to be proteinase K-resistant (24, 27) . The present data met our expectations (Fig. 9D) , showing that MAO-B possessed high activity to oxidize GGOH to GGal with the K m value of 38.9 μM, which is similar to the K m of 50.1 μM for GGOH of GGA synthetase in the cell lysates. Taken together with the tranylcypromine inhibition of mitochondrial GGOH oxidase (Fig. 9C) , we reasonably considered that mitochondrial MAO-B is involved in GGA synthesis in HuH-7 cells. We know that MAOs are broadly specific oxidases for foreign substances, including biogenic and xenobiotic amines, but MAO-A did not efficiently oxidize GGOH as MAO-B did.
In conclusion, the present study clearly demonstrates that GGOH oxidase activity is involved in GGA synthesis, at least in the cell-free system of HuH-7 cells.
